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After 1990, external loads of Central European rivers with inorganic nutrients (nitrogen and phosphorus) and
organic material were reduced because of changed environmental laws. However, in the eutrophic lowland River
Warnow, North-Eastern Germany, nitrate concentrations remained high with 35–185 mmol l1 without a signiﬁcant
decrease since 1992. In contrast, phosphate concentrations, varying between 0.3 and 5.2 mmol l1 during the growth
season 2002, decreased signiﬁcantly over the years. However, its concentrations still exceeded 1 mmol l1 regularly in
the growth seasons. This load led to a substantial accumulation of organic matter additional to high terrestrial inputs.
Despite the high organic load, the remineralising bacteria were mainly inactive in River Warnow. Therefore, the
composition of the dissolved organic material, especially its bioavailability, were investigated during the growth season
2002 and discussed with other potential controlling factors. River Warnow carried a high load of dissolved organic
carbon (14mg l1), especially of humic substances (5.5mgC l1). Bacterial abundance (12 106ml1) as well as
production (1.7 mgC l1 h1) depended on temperature. During late spring and summer at constantly higher
temperatures, bacterial production correlated positively to readily utilisable substrates and to humic compounds.
Thus, the bacterial community in River Warnow may be well adapted or contain enough species using the available
amino acids and carbohydrates as well as humic matter compounds. However, calculated from protozoan biomass,
grazing may control bacterial biomass and perhaps community composition profoundly, what lead to the low
percentages of active bacteria.
r 2007 Elsevier GmbH. All rights reserved.
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Many aquatic systems in Central Europe were exposed to
continuous eutrophication for more than 30 years from the
1950s. Thus, even large systems, like Lake Constance,e front matter r 2007 Elsevier GmbH. All rights reserved.
no.2007.03.001
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ess: heike.freese@uni-rostock.de (H.M. Freese).changed from an oligotrophic (1920–1924) to a mesotrophic
(1952–1962) and ﬁnally to a meso/eutrophic status
(1979–1995) (Straile & Geller, 1998). Although especially
the phosphorus load was reduced considerably since the
early 1980s, the concentrations of particulate organic
material and phytoplankton biomass did not decrease
likewise (Tilzer, Gaedke, Schweizer, Beese, & Wieser, 1991).
Plant nutrients cause a massive phytoplankton
biomass, which represents an important autochthonous
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to be remineralised in the pelagial, after sedimentation
or in case of rivers after its export into the downstream
regions. Furthermore, algae exude dissolved organic
matter (DOM) into the water. In some aquatic food
webs, about 50% of the photosynthetically ﬁxed carbon
is channelled via DOM to the bacterioplankton (Mu¨n-
ster, 1993). Rivers are additionally loaded by high
amounts of allochthonous material (Sigee, 2005), such
as leaf litter, leachate from soil (cf. Mann & Wetzel,
1995) or from peat bogs. This terrestrially derived
organic matter consists predominantly of highly refrac-
tory material, like humic substances (HS), which are
biologically difﬁcult to degrade (McKnight & Aiken,
1998).
Bacteria are the most important remineralisers of
organic matter to plant nutrients (inorganic nitrogen
and phosphorus) and carbon dioxide. Factors control-
ling their abundance and productivity are of major
importance for the prognosis of organic matter removal
from aquatic systems, i.e. the so-called self-puriﬁcation
potential. Temperature is one of the most important
factors controlling bacterial abundance and production
(e.g. Kirchman & Rich, 1997; Pomeroy & Wiebe, 2001;
Shiah & Ducklow, 1994). UV radiation (Rae & Vincent,
1998) can also inhibit bacterial activity. Bacteria and
their production correlated often to phytoplankton
biomass (e.g. Kritzberg, Cole, Pace, & Graneli, 2005),
because the latter is an important source of readily
utilisable dissolved organic material (uDOM). However,
if inorganic nutrients, like nitrate, ammonium or
phosphate, become limiting or the (allochthonous)
organic matter is already N- and P-depleted, bacterial
growth becomes limited inspite of sufﬁcient organic
carbon substrates (e.g. Rejas, Muylaert, & De Meester,
2005). In contrast to these bottom-up control factors,
bacteria are also top down controlled by grazing of
protozoa (Berninger, Finlay, & Kuuppo Leinikki, 1991)
or virus lysis (Weinbauer & Ho¨ﬂe, 1998). Especially
rapidly growing bacteria are reduced by grazers (Del
Giorgio et al., 1996) and replicate viruses, which may
lyse them.
Of course, the remineralisation rate of DOM must be
highly dependent on its composition (e.g. Mu¨nster,
1993). Dissolved low molecular weight organic sub-
stances can be taken up by most bacterial species and
are deﬁned, therefore, as uDOM. Dissolved free amino
acids (DFAA) were often the main substrates for
bacteria (e.g. Jørgensen, 1987; Keil & Kirchman,
1991). Dissolved free carbohydrates (DFCHO) were
also important substrates (Bunte & Simon, 1999), but an
additional nitrogen source is needed for bacterial growth
(Keil & Kirchman, 1991). However, the portion of
uDOM is often very low, rapidly turned over and,
therefore, limiting bacteria (e.g. Fuhrman, 1987; Mu¨n-
ster, 1993). Other substrate groups of the DOM pool, asdissolved combined amino acids (DCAA), can also be
used after enzymatical hydrolysis (e.g. Kroer, Jørgensen,
& Cofﬁn, 1994). HS are much more resistant to bacterial
degradation especially because of their lower nitrogen
and phosphorus content (Wetzel, 2001). However, there
may be a high portion of amino acids ‘‘bound loosely’’
or being adsorbed to humic matter that can be utilised
by bacteria (Schnitzer, 1985). Several bacterial species
can also degrade humic matter itself (Tranvik, 1988 and
therein). However, detailed information on DOM
composition, especially uDOM, in (eutrophic) rivers is
scarce (Lara et al., 1998; Meon & Amon, 2004; Volk,
Volk, & Kaplan, 1997), so that the fate of DOM
components and their degradation rates are hard to
estimate.
The slow-running lowland River Warnow has a rather
high water residence time giving it properties of lakes
and, thus, also a higher resistance to remesotrophica-
tion. River Warnow is situated in North-Eastern
Germany and drains a 3224 km2 catchment area of
mainly agricultural land. At the end of the 1980s, it was
heavily eutrophicated (Bachor, von Weber, & Wiemer,
1996; Bo¨rner et al., 1994; Schumann, Sievert, &
Schiewer, 1992). At the beginning of the 1990s, the use
of phosphorus in detergents was reduced in Germany,
sewage plants were improved and agricultural land use
became more regulated.
A ﬁrst aim of the present study was to evaluate a
decade of nutrient concentrations (1992–2002) for
statistically signiﬁcant downwards trends following
these reduced loads. This evaluation will not only show,
if the restoration and protection measures took effect,
but deﬁne the degree of the lake character of the river.
Additionally, the natural and the anthropogenically
introduced DOM loads are very high representing a
burden for the adjacent Baltic Sea as well as for the use
of the river as a drinking water source. Additionally, the
bacteria responsible for the DOM remineralisation were
mainly inactive (Freese, Karsten, & Schumann, 2006).
Because bacterial inactivity might be caused by a poor
bioavailability of DOM, the composition of DOM,
especially the uDOM compounds, its effect on bacterial
abundance and production were investigated in the
present study. This is the ﬁrst comprehensive DOM
description in River Warnow after the intensive
eutrophication period, whereas older data refer pre-
dominantly to HS (Gluschke, 1997; Hergt, Kalbe,
Kaunat, & Randow, 1979). The main aim of this study
was to discuss if the high portion of dissolved refractory
material is directly responsible for a low bacterial
activity or if there are enough uDOM compounds
fuelling bacterial metabolism. Other limiting factors,
such as N and P availability as well as temperature,
are considered. The limiting factor for bacterial
substrate utilisation strongly inﬂuences the removal
of organic carbon from aquatic systems and, thus,
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cated river.Methods
Study site and sampling
River Warnow is a slowly running lowland river in
Mecklenburg, North-Eastern Germany. It is 150 km
long, enters the Southern Baltic Sea near the city of
Rostock and ﬂows through several eutrophic lakes. At
the ﬁnal 40 km, it shows a water residence time of 6–8 d,
which gives this part of the river the character of a
eutrophic lake. The Federal Agency for Environ-
ment and Nature (StAUN) sampled River Warnow ca.
3 km upstream the estuarine part about every fortnight,
thereby providing long-term data on soluble reactive
phosphorus (SRP), ammonium, nitrite and nitrate
from 1992 to 2002, as well as on the water discharge
in 2002.
In 2002, samples were taken at one site 50m off the
channel leading to the water works providing drinking
water out of river water. This site is situated ca. 1 km
upstream of the estuarine part. Sampling took place
weekly in the growth season (at water temperatures
45 1C) from April through October 2002. There was a
3-week break in June and another gap in autumn. Water
samples of 10 l were obtained with a polyethylene bucket
from the upper 50 cm, which was transported to the
laboratory within 30min. Sub-samples for all para-
meters were stored at in situ temperature (72.5 1C). All
measurements and preparations, like ﬁltration, ﬁxation
and freezing, were ﬁnished within ca. 3 h. Sub-samples
for all methods requiring particle-free water, e.g.
determination of nutrients and DOM compounds, were
ﬁltered through Whatman GF/F ﬁlters (pre-combusted
at 450 1C for 6 h) and stored (except for ammonium) at
20 1C until further analysis.
Nutrient concentrations
Concentrations of nitrite and nitrate (after reduction
on a cadmium catalyser) were measured photometrically
in a ﬂow injection analyser. The standard error was
1–2% for concentrations o10 mmol nitrite and
nitrate l1, respectively. Ammonium was also measured
photometrically with an average standard error of
triplicates of o1%. All measured inorganic nitrogen
compounds were summed up to dissolved inorganic
nitrogen (DIN) (Grasshoff, Ehrhardt, & Kremling,
1999).
SRP was estimated photometrically in a ﬂow analyser
with a standard error 1% for o3 mmol l1(Malcolme-
Lawes & Wong, 1990, Grasshoff et al., 1999).Phytoplankton, protozoa and particulate matter
Chlorophyll a (chl a) as a proxy for the primary
producers was extracted with N, N-dimethylformamide
(DMF, Fluka) and measured photometrically (Porra,
Thompson, & Kriedemann, 1989). The standard error
of triplicates was o8%.
Protozoa as the main grazers of bacteria were
quantiﬁed alive (Dale & Burkill, 1982) in 3 rafter
chambers containing 0.5–1ml sample for ciliates and
larger ﬂagellates, and in at least 6 blood counting
chambers (Bu¨rker, volume 0.86 ml) for smaller ﬂagellates
(o10 mm). Volumes were estimated from cell dimensions
and simple geometrical forms. A density of 1.04 g cm3
was assumed to calculate fresh weight. Carbon contents
of 8.55% of fresh weight for ciliates and 11.25% for
ﬂagellates were applied to estimate carbon biomass
(Heerkloß & Vietinghoff, 1981).
To estimate particulate organic carbon (POC) and the
C/N ratio of POM, 100ml were ﬁltered onto Whatman
GF/F ﬁlters (pre-combusted at 450 1C for 6 h) and dried
at 60 1C. The ﬁlters were packed air-tight in tin foils and
measured in an elementar analyser (vario EL, Elemen-
tar) for carbon and nitrogen (Verardo, Froelich, &
McIntyre, 1990). Triplicates of POC had an average
standard error ofo3% and the C/N ratio of 15%. POC
(mmol l1) was divided through chl a (mg l1) to calculate
the POC to chl a ratio (Hecky, Campbell, & Hendzel,
1993). Chl a was converted into biomass by a factor of
31 g C g chl a1 (Schumann, 1993) to estimate the
percentage of phytoplankton biomass in POC.Dissolved organic matter
Dissolved organic carbon was determined by a total
organic carbon analyser (TOC 5000 A, Shimadzu)
equipped with a suspended particle kit after catalytic
high-temperature oxidation (Sugimura & Suzuki, 1988).
The results were corrected for inorganic carbon (IC).
The averaged standard error of triplicates was 4%.
DFAA and total dissolved amino acids (TDAA) were
measured by high-performance liquid chromatography
(HPLC) after derivatisation with o-phthaldialdehyde
(Lindroth & Mopper, 1979), modiﬁed according to
Hubberten (1994). Peak areas of the ﬂuorescent
products were converted into concentrations after
calibration with an external amino acid standard H
(Pierce, No. 20088). TDAA were quantiﬁed after acid
hydrolysis (Hubberten, 1994; Hubberten, Lara, &
Kattner, 1994). They were corrected by subtraction of
DFAA resulting in DCAA. The concentration of each
amino acid was converted into carbon according to its
carbon content. Based on the speciﬁc amino acid
composition, the carbon content was 4.0570.07 for
DFAA and 3.9870.12mol C (mol C)1 for DCAA. The
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and o12% for DCAA.
DFCHO were estimated photometrically with the 3-
methyl-2-benzothiazolinone (MBTH) method (Johnson
& Sieburth, 1977). Glucose was used as an external
standard accompanying each reaction batch. Results,
expressed as glucose equivalents (mmol l1), were con-
verted into carbon (mmol C l1) by multiplication with a
factor of 6 according to the molecular structure of
glucose. The standard error of triplicates was o20%.
Total dissolved carbohydrates (TDCHO) were mea-
sured after chemical hydrolysis (Burney & Sieburth,
1977) for 4 representative samples (6 May, 19 June, 7
August, 18 September 2002). Total amounts were
corrected for DFCHO resulting in dissolved combined
carbohydrates (DCCHO). The external standard com-
pound was soluble starch (Sigma Aldrich) for each
batch to check for hydrolysis efﬁciency as well as
reaction reproducibility. Units of DCCHO were also
calculated as a glucose-based carbon concentration. The
standard error of triplicates was 22%.
Absorption spectra from 200 to 500 nm were recorded
(UV-2401PC, Shimadzu) indicating hydroxyl, phenol
and acid functions from e.g. dissolved low molecular
weight organic acids, where hydroxyl and acid groups
absorb strongly at ca. 220 nm and phenol structures at
ca. 250–290 nm. The concentration of coloured DOM
(cDOM), here named and discussed as HS, was
estimated at 380 nm (Rohde & Nehring, 1979). It was
calibrated with pure humic acid (Fluka), which exhib-
ited a carbon content of 46% (70.1%). To calculate the
non-humic part of DOC, HS were subtracted from
DOC.Bacterial abundance and production (leucine
incorporation)
Total bacterial cell numbers were estimated in
glutardialdehyde (1.2% ﬁnal concentration) ﬁxed sam-
ples after staining with DAPI (Porter & Feig, 1980).
Triplicate sub-samples of 0.5ml were ﬁltered onto
irgalan black stained 0.2 mm IsoporeTM polycarbonate
membranes (Sigma Aldrich, Co.) and stained with 1ml
of a 29 mM 40,6-diamidino-2-phenylindole (DAPI) (in
phosphate buffer, pH 7.6). After 5min incubation, the
stain was ﬁltered, the ﬁlters were embedded in immer-
sion oil (Olympus), mounted onto slides and counted
under an epiﬂuorescence microscope at 1000 magni-
ﬁcation (Olympus BX51, UV excitation U-MWU2,
UPlan FL 100 NA 1.3 oil). Bacterial biomass was
calculated with a carbon conversion factor of 25 fg
C cell1 (Bell, 1993).
Bacterial production was measured as the incorpora-
tion of [3H]-leucine (1 nM ﬁnal concentration) into
bacterial protein that is insoluble in TCA (Kirchman,Knees, & Hodson, 1985) at in situ temperatures for half
an hour. The estimated values were corrected with the in
situ concentration of leucine determined by HPLC for
each sample (Schumann et al., 2003). Leucine incor-
poration was converted into biomass production assum-
ing a fraction of 7.3% leucine in bacterial protein and a
cellular carbon per protein ratio of 0.86 (Simon &
Azam, 1989). Intracellular isotope dilution of leucine by
de novo synthesis was assumed to be 2.
Statistics
Average values of individual samples are given as
arithmetic means. A Tukey test was performed after
passing normality and equal variance tests to prove
signiﬁcant differences between chl a samples in April. In
contrast, averaged values of parameters over the whole
growth season are always medians because data were
not normally distributed. Spearman rank order correla-
tion analyses were performed between bacterial para-
meters and environmental inﬂuence factors using
SigmaStat 2.0 (SPSS Inc.).
The nutrient concentrations from January 1992 to
October 2002 measured by the StAUN got enclosed in
this analysis. Monthly medians were calculated and
entered the trend analysis because regularly distributed
data are needed. Linear regression analyses were
performed for each nutrient over time to determine
and describe trends. A linear regression was signiﬁcant if
Po0.05.
For descriptive statistics, box plots of sample dis-
tributions of nutrient concentrations with medians,
lower (Q1) and upper (Q3) quartiles as the box margins,
10% and 90% percentiles as the whisker caps and
outliers (1.5  IQRp|x|p3  IQR marked by small cir-
cles) were generated.Results
Long-term nutrient trends
From 1992 to 2002, the concentration of nitrate did
not decrease signiﬁcantly in River Warnow (Fig. 1a).
The overall maximum amounted to 579 mmol l1 in
December 1993. Annual median values were
70–249 mmol l1. Maximum values became rare within
the following decade. Values 4400 mmol l1 occurred
only once since 1996. However, complete depletions of
nitrate (o5 mmol l1) were also scarce with only one
observation within the 11 years investigation period. In
contrast to nitrate, SRP decreased signiﬁcantly by about
40% or 0.8 mmol l1 from 1992 to 2002 (Fig. 1b). Annual
median concentration ranged from 2.6 mmol l1 in 1992
to 1.1 mmol l1 in 2001. High outliers (45 mmol l1)
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Fig. 1. Annual concentration of nitrate (a) and phosphate
(SRP, b) (mmol l1) in River Warnow from 1992 to 2002. Line
in box is median, box margins represent 25% and 75%
percentiles, error bars 90% percentiles and open circles are
outliers. Linear regression was signiﬁcant (P ¼ 0.02) for SRP
decline.
Fig. 2. Monthly concentration of nitrate (a) and phosphate
(SRP, b) (mmol l1) in River Warnow from 1992 to 2002. Line
in box is median, box margins represent 25% and 75%
percentiles, error bars 90% percentiles and open circles are
outliers.
H.M. Freese et al. / Limnologica 37 (2007) 264–277268occurred in the early years of this study (1992, 1993 and
1995) and reappeared in 2 years thereafter (1998 and the
period of more intensive investigations 2002).
Both nutrients exhibited a strong but very contrasting
seasonality (Fig. 2). Nitrate reached minima in summer
and accumulated in the colder seasons. Below average
values of SRP occurred from February to April.
Surprisingly, SRP concentrations were above average
from July through September.Environmental conditions in 2002
Water temperatures in River Warnow varied between
8 and 22 1C during the investigation period from April
through October 2002. Temperatures 415 1C were
reached in May and dropped below that value in
September (Freese et al., 2006). The daily water
discharge ranged from 0.36 (6 October) to 43.2m3 s1
(8 May) (average 14.5m3 s1, data not shown). pHvalues remained slightly alkaline (7.9–8.3). Concentra-
tions of heavy metal were always very low (Gewa¨sser-
gu¨tebericht, 1998/1999).
In respect to average nitrate concentrations, the year
2002 was very similar to 1999–2001 (Fig. 1a). In the
investigated growth season, DIN concentrations
were with 37 (2.2mg nitrate or 0.5mg N l1) to
191 mmol l1 never depleted (Fig. 3), whereby nitrate
provided 78–98% of inorganic nitrogen compounds.
Nitrate was higher at the beginning and end of
the growth season following the seasonality observed
for all other years (cf. Fig. 2a). Nitrate did not increase
at the end of the growth season as long as tempera-
ture remained over 10 1C till the end of October.
There was a signiﬁcantly positive correlation to river
discharge (rs: 0.72, Po0.001, n ¼ 27). Ammonium
concentrations were much lower and peaked at
15 mmol l1 several times (data not shown). In contrast
to nitrate, ammonium dropped below the detection limit
often.
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Fig. 3. Dissolved inorganic nitrogen (DIN: nitrate, nitrite and
ammonium; mmol l1), soluble reactive phosphorus (SRP;
mmol l1) and the ratio between DIN and SRP (N:P) in the
surface waters of River Warnow in the growth season 2002.
Fig. 4. Chlorophyll a concentrations (mg l1), C/N ratio and
POC:chlorophyll (C:chl a) ratio (mol C (g chl a)1) in the
surface waters of River Warnow in the growth season 2002
(error bars of chlorophyll a: standard deviation of 3
replicates).
H.M. Freese et al. / Limnologica 37 (2007) 264–277 269In 2002, SRP was on average and in most months
higher than in the preceding years. The highest SRP
concentrations of 45 mmol l1 (0.5mg phosphate or
0.16mgP l1) were determined in summer (Fig. 3). In
contrast to nitrate, SRP correlated signiﬁcantly negative
to river discharge (rs: 0.47, P ¼ 0.01, n ¼ 27). Since the
seasonality of nitrate as the dominating DIN component
and SRP was not consistent, the molar N:P ratio of
plant nutrients was lowest in summer with 9:1 and
highest with up to 526 in spring and autumn under
conditions of high nitrate availability and very low SRP
concentrations (Fig. 3). However, neither DIN nor SRP
were depleted at some times.Fig. 5. Particulate organic carbon (POC, n ¼ 27; mg C l1)
and biomass (mg C l1) of phytoplankton (Phyto, n ¼ 27),
bacteria (Bact, n ¼ 25), heterotrophic ﬂagellates (HetFlag,
n ¼ 24) and ciliates (Cil, n ¼ 24) in the surface waters of River
Warnow in the growth season 2002. Line in box is median, box
margins represent 25% and 75% percentiles, error bars 90%
percentiles and open circles are outliers.Primary producers and particulate organic matter
The high nutrient concentrations in the river sustained
high chl a concentrations of 65 in a bloom in May and
59 mg l1 in early October (average 31 mg l1). Chl a
never dropped o18 mg l1 during the growth season
(Fig. 4). Chl a peaks, like at the 11 April (signiﬁcantly
higher than in the previous and the following sample
Tukey test, Pp0.001), coincided with lower water
discharge. POC concentrations averaged at 2.6mgC l1
without a distinct seasonality but a large variability
(Fig. 5). Two autumn samples deviated from the average
very high concentrations after stormy weather (2 upper
outliers). The C/N ratio of POM was with a median
value of 7.6 very close to the Redﬁeld ratio for
phytoplankton cells. The value of 8.3 indicating
moderate N limitation was exceeded in May and July.
The POC:chl a ratio was on average 7mol C (g chl a)1
with some exceptions of 411mol C (g chl a)1 (Fig. 4).
POC correlated positively with chl a (rs: 0.60, P ¼ 0.001,
n ¼ 27), which consisted to 20–56% of phytoplanktonbiomass. Bacterial and protozoan biomasses constituted
together with an average of 17% and a maximum of
30% a distinct part of POC. Protozoa had often high
biomasses with up to 60 and 53 mgC l1 of heterotrophic
ﬂagellates and ciliates, respectively. The heterotrophic
ﬂagellates correlated negatively signiﬁcantly with the
bacterial production per biomass (P/B) ratios (Table 1)
and total heterotrophic protozoan biomass correlated
even with both P/B (rs: 0.7, Po0.001, n ¼ 21) and
bacterial production (rs: 0.6, P ¼ 0.003, n ¼ 22).
However, bacteria constituted with 36–91% the major-
ity of microheterotrophic biomass (Fig. 5).
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Table 1. Spearman rank order correlation matrix between bacterial production per biomass (d1, left) as well as bacterial
production (mg C l1 h1, right side) and abiotic factors (temperature (Temp, 1C), nitrate, ammonium, dissolved inorganic nitrogen
(DIN) and soluble reactive phosphate (SRP, mmol l1)), dissolved organic matter (organic carbon (DOC), free amino acids (DFAA),
free carbohydrates (DFCHO), combined amino acids (DCAA) and the difference between DOC and HS (mgC l1), particulate
organic matter and ratios (cholorphyll a (chl a, mg l1), particulate organic carbon (POC, mgC l1), C/N ratio in POM,
POC:chlorophyll a ratio (C:chl a, mol C (g chl a)1) and DOC:POC ratio) and organisms (bacteria, 106ml1), bacterial production
(BP, mgC l1 h1), heterotrophic ﬂagellates (Flag) and ciliates (mgC l1)) (rs, correlation coefﬁcient; P, signiﬁcance level; n, number
of samples; * marks signiﬁcant correlations for Po0.0540.01;** for Po0.0140.005 and *** for Po0.005) in the River Warnow (4
April–29 October 2002)
Production/biomass Bacterial production
Temp Nitrate Ammonium DIN SRP Temp Nitrate Ammonium DIN SRP
Abiotic rs 0.39 0.25 0.13 0.26 0.48* 0.52** 0.39 0.19 0.4 0.58***
P 0.06 0.24 0.57 0.22 0.02 0.009 0.06 0.39 0.05 0.003
n 23 23 22 23 23 24 24 23 24 24
DOC DFAA DFCHO DCAA DOC-HS DOC DFAA DFCHO DCAA DOC-HS
Dissolved organic rs 0.38 0.20 0.18 0.13 0.004 0.29 0.10 0.32 0.13 0.03
P 0.07 0.36 0.40 0.56 0.98 0.17 0.63 0.13 0.56 0.89
n 23 23 23 22 23 24 24 24 24 24
Chl a POC C/N C:chl a DOC:POC Chl a POC C/N C:chl a DOC:POC
Particulate organic rs 0.34 0.63** 0.06 0.09 0.56** 0.19 0.52** 0.02 0.16 0.51*
P 0.11 0.001 0.78 0.68 0.006 0.38 0.009 0.92 0.45 0.01
n 23 23 23 23 23 24 24 23 24 24
Bacteria BP Flag Cilliates Bacteria P/B Flag Cilliates
Organisms rs 0.02 0.91*** 0.44* 0.01 0.34 0.91*** 0.32 0.21
P 0.94 0.000 0.05 0.95 0.11 0.000 0.14 0.34
n 23 23 21 21 23 23 22 22
Fig. 6. Absorption of humic substances at 380 nm during the
growth season 2002 and absorption spectra of surface waters
of River Warnow at four different dates (4 April, 19 June, 18
September and 29 October 2002, inset).
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DOC was constantly high with 11–16mgC l1 (Fig. 6)
without any seasonal trend and exceeded POC by 5 times
on average. There was not any correlation between DOC
and chl a or POC. The readily utilisable components,
DFCHO and DFAA, were minor fractions and formed
on average 1.3% and 0.3% of DOC, respectively (Fig. 7).
DFCHO increased through spring and early summer to
274mgC l1 and decreased from 255mgC l1 in August
down to 125mgC l1 (1.7–3.8mmol glucose equiv-
alents l1). However, in mid-summer (July), DFCHO
dropped to one half of the previous values for some
weeks. DFAA remained very low with 24–60mg C l1
(0.7–1.2mM amino acids). The composition of DFAA
was relatively similar during the growth season. Major
constituents of DFAA were serine/histidine (17.371.1%
DFAA carbon), ornithine (13.771.6% DFAA carbon)
and glycine (9.370.7% DFAA carbon). Leucine
amounted to 3.3% of DFAA carbon on average.
However and in contrast to DFAA, there was a clear
seasonal trend, since leucine concentrations dropped
from 20 to 30nmol l1 (April to mid-June) throughout
the remaining growth season to p15nmol l1 (Fig. 8).DCCHO were ca. 3 times higher than DFCHO. The
highest concentration occurred at the beginning of the
growth season and the lowest in mid-summer. DCAA
were about 10 times higher than DFAA and formed
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Fig. 7. Dissolved organic carbon (DOC, n ¼ 27), humic
substances (HS, n ¼ 27), dissolved combined carbohydrates
(DCCHO, n ¼ 4), dissolved combined amino acids (DCAA,
n ¼ 26), dissolved free carbohydrates (DFCHO, n ¼ 27) and
dissolved free amino acids (DFAA, n ¼ 27) in mg C l1 in the
surface waters of River Warnow in the growth season 2002.
Line in box is median, box margins represent 25% and 75%
percentiles, error bars 90% percentiles and open circles are
outliers.
Fig. 8. Leucine concentration (nmol l1), bacterial leucine
uptake (nmol l1 h1) and leucine turnover (% d1) in the
surface waters of River Warnow in the growth season 2002.
Fig. 9. Bacterial production (BP, mg C l1 d1) and produc-
tion/biomass (P/B, d1) in the surface waters of River Warnow
in the growth season 2002. Error bars: standard deviation of 5
replicates for bacterial production.
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identiﬁed amounted to 85–94% DOC.
Absorption spectra of DOM in particle-free ﬁltrates
showed a characteristic pattern. Absorption increased
towards very low wavelengths and peaked at 210 nm
(Fig. 6 insert). This absorption peak was highest in April
and lowest in September. The absorption at 380 nm
(cDOM) decreased accordingly throughout the
growth season in 2002 (Fig. 6). Converted into HS,
the average concentration of these refractory com-
pounds amounted to 5.5mgC l1, dropping from 9 to
2mgC l1 through the growth season. These concentra-
tions equalled 14–69% of DOC. However, all investi-gated organic fractions taken together, residual 22–79%
of DOC was still so far not identiﬁed as important bulk
compounds.Bacterial activity
The high concentration of the DOC sustained sub-
stantial bacterial abundances (average 12 106ml1)
especially in summer (Freese et al., 2006). Bacterial cell
numbers did not correlate with secondary production
(Table 1). There was a signiﬁcant correlation between
bacterial production as well as abundance (Freese et al.,
2006) and temperature leading to a considerable season-
ality of biomass production and productivity calculated
as the P/B ratio (Fig. 9). On average, the P/B ratio was
with 0.1 d1 rather low. Both, bacterial production and
P/B were signiﬁcantly positively correlated to SRP and
the DOC:POC ratio, but there was not any signiﬁcant
correlation to any substrate group within the whole
growth season (Table 1). Even chl a as an indicator for
phytoplankton releasing uDOM correlated neither with
bacterial abundance (Freese et al., 2006) nor production
or productivity.
Excluding the ﬁrst 2 months (April and May) of the
growth season when temperatures strongly increased,
bacterial production correlated signiﬁcantly to several
substrate groups (Table 2). During summer and early
autumn, the production correlated strongly with DFFA
(Fig. 10) and carbohydrates (Table 2). Even the complex
HS were positively correlated to production (Fig. 10). In
that high-temperature period, bacteria used 37–165% of
leucine per day (Fig. 8); thus they would need 60–13 h to
deplete the present concentration. At the beginning of
the growth season, the bacterial leucine turnover was
just 8–19%d1. Bacteria incorporated 6–97 mg C l1 d1
(Fig. 9), i.e. 0.5–6.5 d (average 0.9 d) were necessary to
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Table 2. Spearman rank order correlation between bacterial
production (mg C l1 h1) and dissolved organic matter
(organic carbon (DOC), free amino acids (DFAA), free
carbohydrates (DFCHO), combined amino acids (DCAA),
humic substances (HS), the sum of DFAA and DFCHO, the
sum of all measured utilisable dissolved organic matter
(summed uDOM) and the difference between DOC and HS
(mg C l1), leucine (nmol l1) as well as chlorophyll a (chl a,
mg l1) and temperature (Temp, 1C)) (rs, correlation coefﬁcient;
P, signiﬁcance level; n, number of samples; * marks signiﬁcant
correlations for Po0.0540.01, ** for Po0.0140.005 and ***
for Po0.005) in the River Warnow without the beginning of
the growth season (12 June–29 October 2002)
Bacterial production rs P n Corr.
DOC 0.09 0.72 18
DFAA 0.60 0.008 18 **
DFCHO 0.66 0.003 18 **
DCAA 0.10 0.69 18
HS 0.69 0.001 18 **
DFAA+DFCHO 0.66 0.003 18 **
Summed uDOM 0.50 0.03 18 *
DOC-HS 0.57 0.01 18 *
Leucine 0.56 0.02 18 *
Chl a 0.17 0.49 18
Temp 0.16 0.52 18
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only carbon source.Fig. 10. Correlation of bacterial production (mg C l1 h1) to
dissolved free amino acids (DFAA, a, mmol C l1) and humic
substances (HS, b, mg C l1) in the surface waters of River
Warnow in the growth season 2002. Open symbols represent
the values of the ﬁrst 2 months (April and May) of the growth
season when temperatures was low and strongly increased.Discussion
Eutrophication status
After the systematic reduction of nutrient loads since
the early 1980s, free nutrient concentrations as well as
total P decreased in many limnetic systems (Hussian,
Grimvall, & Petersen, 2004; Tilzer et al., 1991).
However, the concentrations of particulate organic
material and phytoplankton biomass did not decrease
proportionally to P. Organic matter as well as phyto-
plankton biomass remained on a higher level and pose
as a potential burden for sediments and their oxygen
supply. River Warnow received a high load of nutrients
until the end of the 1980s (Bachor et al., 1996) and was
still characterised as eutrophic in the early 1990s (Bo¨rner
et al., 1994). Since 1987, phosphates in wastewater were
reduced. Additionally, many sewages plants were built
or up-graded in the catchment area of River Warnow.
These measures, together with the river’s natural self-
puriﬁcation capacity (Fisenko, 2004 and cited refer-
ences) declined phosphate concentrations signiﬁcantly
from 1992 to 2002. Nevertheless, SRP was still ratherhigh in summer. This was also observed previously in
River Warnow, but is in complete contrast to other
systems where concentrations are usually low in spring
and summer due to high biological activities (e.g. Neal et
al., 2005; Pettersson, Grust, Weyhenmeyer, & Blenck-
ner, 2003). Moreover and in contrast to nitrate, SRP
was negatively correlated to water discharge (rs: 0.47,
¼ 0.01, n ¼ 27; Kleeberg, 1992). Additionally, in-
creases in water ﬂow rates especially in spring limit
phytoplankton accumulation and, therefore, nutrient
utilisation (Basu & Pick, 1995; Bukaveckas & Crain,
2002). Thus, P is not limiting microbial activity at least
not during most of the growth season.
This improvement of the nutrient situation was not
evident in 2002 for nitrate (cf. Bo¨rner et al., 1994;
Schumann et al., 1992). For the whole federal state of
Mecklenburg-Vorpommern, farmland area increased by
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Amt Mecklenburg-Vorpommern, 2005). Since there is a
positive relationship between cropland areas in the
catchment and the river’s nitrogen concentration
(Nagumo, Woli, & Hatano, 2004 and therein), the
continuously high nitrogen availability is explained. In
some cases, the estimated ﬁeld nitrogen surplus
(N surplus) was almost equal to the nitrogen discharged
from crop ﬁelds into aquatic systems (Hayashi &
Hatano, 1999; Nagumo et al., 2004 and therein). The
inﬂux of N surplus into the River Warnow is further
accelerated by extended drain-water systems (Deutsch,
Liskow, Kahle, & Voss, 2005). High concentrations of
nitrate occur regularly in winter/early spring and again
in autumn, when phytoplankton activity is low and
according to the hydrological conditions (Deksissa,
Meirlaen, Ashton, & Vanrolleghem, 2004; Hoch,
Berger, Kavka, & Herndl, 1996; Schilling & Lutz,
2004; Smart, Cresser, Calver, Clark, & Chapman,
2005). Thus, nitrate should get depleted in late spring
and summer like in lakes, which was not observed in
River Warnow. The investigated C/N and C/chl a ratios
was probably related to a high portion of refractory
POC not being phytoplankton or microheterotrophs.
Therefore, N availability characterises the river as still
eutrophic and excludes also N as a limiting factor for
bacterial (and phytoplankton) growth. All the more, the
topic of the poor bacterial carbon degradation in River
Warnow remains as they together with other micro-
heterotrophs are the main remineralisers of allochtho-
nous and during the eutrophication accumulated
autochthonous organic matter.uDOM utilisation by bacteria
DOC concentrations were rather high in River
Warnow, normally found in hypertrophic waters or –
as for River Warnow – if the inﬂuence of peat bogs is
high (see references in Schumann et al., 2003). The
readily utilisable DFAA and DFCHO mainly produced
by phytoplankton represented only a very small part of
DOC. Their concentration was comparable to other
eutrophic systems (cf. Go¨rs, Rentsch, Schiewer, Kar-
sten, & Schumann, 2007; Mu¨nster, 1993). The relative
high contribution of serine to DFAA indicated the
inability of some bacteria to utilise this speciﬁc amino
acid (Ietswaart, Schneider, & Prins, 1994). Although
DCAA can be enzymatically hydrolysed by bacteria, it is
so far not well understood if bacteria take up most of
the hydrolysis products or release substantial amounts
of DFAA by this activity (Rosenstock & Simon, 1993).
However, the observed turnover rates of leucine, the
concentration of other DFAA and the peptidase activity
(Schumann et al., 2003) suggest that amino acids seem
not to be limiting.DFCHO were much higher than DFAA as found in
other eutrophic waters (Go¨rs et al., 2007; Mu¨nster,
1993) but contrary to oligotrophic lakes (Tranvik &
Jorgensen, 1995). They are a valuable energy source and
a good substrate for bacterial production during the
summer months (Bunte & Simon, 1999 and cited
references). The uptake of DFCHO for bacterial growth
is controlled by the availability of an N source, usually
ammonium (Keil & Kirchman, 1991; Kirchman, 1990).
However, this seems unlikely in respect of the above-
discussed N sources.
Phytoplankton is not the only source for uDOM, but
bacterial grazing by protozoa or viral lyses can also
liberate utilisable substrates. Protozoan cell numbers
were well in the range of other eutrophic systems (Hadas
& Bermann, 1998). Since sloppy feeding cannot be
quantiﬁed so far, the impact of this process of uDOM
cannot be quantiﬁed. Viral lysis can affect up to 43% of
bacteria in oligotrophic and humic lakes (Vrede,
Stensdotter, & Lindstrom, 2003), which would cause a
very insigniﬁcant amount of DOM.
Inspite of the fact that the hypothesis of uDOM
limitation of bacterial production could not be veriﬁed,
signiﬁcant positive correlations were found for bacterial
production and DFAA, DFCHO and leucine, for a
speciﬁc (short) time when the temperature impact was
negligible. Since so far there is no information on the
bacterial community composition in River Warnow, it
cannot be excluded that in times of external forcing, e.g.
by temperature changes in early spring, the community
is completely restructured and does not respond to
substrate availability. Changes in substrate composition
itself can also affect bacterial community composition
(e.g. Besemer, Moeseneder, Arrieta, Herndl & Peduzzi,
2005; Kirchman, Dittel, Findlay, & Fischer, 2004). Since
labile substrates are turned over rapidly (Fuhrman,
1987; Mu¨nster, 1993), the variability of uDOM compo-
sition sustains a huge pool of bacterial species from
where the best adapted are re-activated at any time.
Therefore, rather normal to high abundances but low
percentages of active bacteria, as observed in River
Warnow (cf. Freese et al., 2006), may be attributed to a
limitation by speciﬁc substrates in spite of a high DOC
concentration. Thus, there is a great need to study
bacterial community composition to reveal if there are
species well adapted to eutrophic conditions or high HS
loads, to characterise their metabolism, i.e. carbon
degradation activity, and their optima as well as
tolerance limits against environmental factors.Utilisation of refractory material
Riverine DOM originates also from terrestrial sources
(e.g. Meyer, 1994), which consist predominantly of HS.
In River Warnow, the concentration and portion of HS
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tions (Randow, 1977). HS decreased throughout the
season what can be attributed to photodegradation
(Bergstro¨m & Jansson, 2000; Moran & Zepp, 1997;
Wetzel, Hatcher, & Bianchi, 1995). However, the impact
of UV radiation in River Warnow is probably low, since
absorption of the water column was rather high
(Bahnwart, 2001). Such a steady decrease in HS was
not observed in 2004, but again in 2005 (unpublished
data). Without more data including underwater radia-
tion measurements, a more sophisticated investigation
of HS and an experimentally induced photodegradation,
it cannot be concluded if and to what extent HS are
utilised by bacterioplankton in River Warnow.
Although humic matter is highly resistant against
microbial degradation (Fenchel & Blackburn, 1979),
bacteria are principally able to metabolise such refrac-
tory material although mostly to a lower extent of
o15% (e.g. Tranvik, 1988 and cited references).
However, in oligotrophic lakes, bacterial biomass was
positively related to the humic concentration. In humic
lakes, bacterial production and respiration is even
regularly based on allochthonous carbon sources
(Hessen, 1985; Jansson, Bergstro¨m, Blomqvist, Isaks-
son, & Jonsson, 1999; Tranvik, 1988). The positive
correlation between HS and bacterial production in
summer indicates that HS in River Warnow are at least
partly degradable. Another explanation may be the
toxicity of oxygen radicals released by photodegrada-
tion (Aguer, Richard, & Andreux, 1999).Other inﬂuence factors on bacterial substrate
utilisation
At lower temperatures, the promoting effect of
monomeric substrates on bacterial growth might be
covered by a higher substrate demand of the bacteria
(10–100 ) (Kirchman & Rich, 1997; Pomeroy &
Wiebe, 2001; Wiebe, Sheldon, & Pomeroy, 1992), which
may induce a (more serious) substrate limitation of
bacterial production in the cold season. Both substrate
composition and temperature always inﬂuence growth
rates (Pomeroy &Wiebe, 2001), affecting predominantly
the community composition (Eiler, Langenheder, Ber-
tilsson, & Tranvik, 2003; Kirchman et al., 2004).
There are two major top-down control factors
interfering with the connection between bacterial
numbers and uDOM: protozoan grazing and viral lysis.
Although bacterial standing stock was rather high, the
observed protozoan abundances of 7–1880 hetero-
trophic ﬂagellates and 5–41 ciliates per ml could
approximately consume 13 to more than 100% of
bacterial biomass per day, if a protozoan growth
efﬁciency of 0.4 and P/B values of 2 for ﬂagellates and
0.92 d1 for ciliates were assumed (Schumann, 1993). Ifmainly active bacteria were grazed (e.g. Gasol, del
Giorgio, Massana, & Duarte, 1995 and cited references;
Del Giorgio et al., 1996), this grazing pressure could
very likely control at least bacterial size distribution and
thus perhaps cause the low portion of (large and) active
bacteria. So far, there are no indications on active
species selection by nanoﬂagellates (Matz & Ju¨rgens,
2001), but several observations on strongly grazing
induced community changes (Simek et al., 2003). Since
there seems to be a strong grazing pressure, the
investigation on trophic couplings within the micro-
heterotrophs is also interesting for such eutrophic and
humic systems. This aspect must also be connected to
the experimental substrate enrichments, as the complete
removal of nanoﬂagellates from the bacterial fraction
(by ﬁltration) seems unlikely. A special bacterial
community is expected due to the peat bog washouts
and from soil by the intensive drainage.
Viral lysis destroyed on average 1.6% of epilimnic
bacterial abundance and removed 8–28% of bacterial
production (Weinbauer & Ho¨ﬂe, 1998). Therefore, this
control factor seems to be of minor importance
especially compared to zooplankton grazing.Acknowledgements
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